Manure nitrogen (N) output from dairy cattle is a major environmental concern in China. Various empirical models are available to predict manure N output from dairy cattle, but accuracy and precision of these models has not been assessed for Chinese conditions. The objective of this study was to evaluate the performance of extant models that predict different forms of manure N output for lactating dairy cows in China with the aim of identifying the best-fit and most suitable prediction models. A total of 35 empirical models were evaluated for their ability to predict N excretion of dairy cows in China fed a wide range of diets. The data set consisted of 99 treatment means from 32 publications with information on animal and dietary characteristics and N output flows. Performance of models was evaluated using root mean square prediction error (RMSPE) and concordance correlation coefficient (CCC) analysis. The N intake (NI) based model of Kebreab et al. (2010) was selected as best for predicting fecal N excretion (RMSPE = 15.8% and CCC = 0.75). The Reed et al. (2015) model, which also used NI as an input variable, was most suitable for predicting urinary N (RMSPE = 26.0% and CCC = 0.63) and total N (RMSPE = 15.8% and CCC = 0.81). Models predicting urinary urea N (UUN) and urinary N / total N performed poorly. Overall, the deviation of regression line from the equality line (y = x line) for even the best-fit urinary, fecal, and total N excretion models demonstrated the need to develop improved models for use under Chinese conditions. Using N output data from dairy cows in China to develop manure N output models may help improve environmental stewardship of the dairy industry in China. 
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INTRODUCTION
As the most populous country in the world, China's demand for animal-derived foods has been rising during its transition from a poor agrarian country to a prosperous industrial society. Per capita consumption of milk rose from 18.3 kg in 2004 to 36.1 kg in 2015; annual milk production per cow increased from 3891 kg in 2005 to 6000 kg in 2015; and the number of dairy cattle grew to 13.69 million in 2015 after it broke the 10 million mark in 2004 (China Statistics, 2015 . The marked increase in manure nitrogen (N) output caused by accelerating milk consumption and rapid expansion of dairy production in
China is a major environmental concern.
About 70-80% of the N consumed by dairy cows is excreted in manure (feces and urine), which can result in substantial losses of N to the atmosphere via ammonia (NH3) (Chai et al., 2014; Bell et al., 2016; Chai et al., 2016) , nitrous oxide (N2O) (Chadwick et al., 1999) and nitrogen oxides (NOx) (Gu et al., 2012) , and to groundwater and surface waters via leaching, erosion, and runoff (Thorburn et al., 2011; Ma et al., 2016) . These loses in turn may further degrade the quality of soil, air, water, and natural ecosystems (Galloway et al., 2008; Conley et al., 2009; Song et al., 2017) . Global manure nutrient management contributes an estimated 5% of anthropogenic N2O emissions to the atmosphere (Owen and Silver, 2015) .
Dairy cattle excrete more N in urine (up to 70% of total N, TN) than in feces (Marini and Van Amburgh, 2005) . Given that urinary N (UN) is more prone to volatilization than is fecal N (FN; Petersen et al., 1998; Varel et al., 1999) , it is important to evaluate these different forms of manure N separately.
Due to the environmental impact of N and need for mitigation, various empirical models have been developed to predict N excretion based on the chemical composition of diets offered to cattle and description of animal characteristics, such as milk production and body weight (BW) . Over the past 20 years, many N excretion models for dairy cows have been developed for specific countries or regions (i.e., Wilkerson et al., 1997; Jonker et al., 1998; Castillot et al., 2000; Kauffman and St-Pierre, 2001 ; Nennich et al., 2005; Nennich et al., 2006; Yan et al., 2006; Huhtanen et al., 2008; Marini et al., 2008; Kebreab et al., 2010; Higgs et al., 2012; Spek et al., 2013; Reed et al., 2015) . Various evaluations (Nennich et al., 2006; Higgs et al., 2012; Reed et al., 2015; Johnson et al., 2016) of model performance for predicting manure N output from cows in developed countries have been published. Performance of the models varied across countries and regions due to differences in dietary and animal factors. To our knowledge, few models have been evaluated using data from developing countries, and no comprehensive studies have been conducted for dairy production in China. Therefore, the objective of this study was to identify models suitable for use in China by evaluating the accuracy and precision of existing models for predicting manure N output (UN, FN, and TN) using published data from dairy cows in modern Chinese production conditions.
MATERIALS AND METHODS

DATA COMPILATION
The online database of China National Knowledge Infrastructure (http://www.cnki.net/), Science Direct the study was conducted in China using conditions representative of modern dairy farming practices, characterized by use of total mixed ration (TMR) feeding systems and automatic milking equipment; 2) the research subject was lactating dairy cows;
3) at least one type of N excretion was reported (UN, FN, urinary urea N (UUN), TN, and UN/TN excretion); 4) information on intake of crude protein (CP), N intake (NI), dry matter intake (DMI), BW, and milk components was reported; and 5) if certain of these variables were not reported, they could be calculated from other data provided (for example, dietary CP intake could be calculated from DMI and NI, TN could be calculated as the sum of UN and FN, proportion of UN in TN could be calculated by dividing UN by TN, and so forth).
Treatment means rather than individual cow data were used. Most studies investigated dietary modification. Diets with low CP content were included in the data set, but for studies that evaluated the impact of feed additive supplements (e.g., yeast, small peptides), only the control treatment means were included.
Using these selection criteria, 32 studies were identified (APPENDIX), providing 99 treatment means of manure N excretion along with corresponding animal characteristics, dietary ingredients, and milk composition from Chinese lactating dairy cows. The dataset was examined for outliers using Mahalanobis outlier analysis in JMP Statistical Software (SAS Inst.
Inc., Cary, NC). For Eq.
[5], 1 observation from Sun et al. (2010) (2012), respectively were considered outliers and were therefore removed for these three models.
EXTANT PREDICTION MODELS
A total of 35 N excretion models that were developed using data from published studies by USA, UK, Finland and other Northwestern European countries were evaluated. The models were selected according to two criteria: 1) model development was based on UN, FN, UUN, or TN excretion measurements from dairy cows; and 2) model input variables and information required were available in the data set. Almost all models were used in their original unit form except FN and TN reported by Wilkerson et al. (1997) in which input variables were reported in kg/d rather than g/d. The final number of models evaluated was: 14 for UN, 7 for FN, 10 for TN, 2 for UUN, and 2 for UN/TN. The models are given in Table 1 . 
CALCULATION OF MODEL EVALUATION
The accuracy of manure N output models was evaluated using root mean square prediction error (RMSPE) and concordance correlation coefficient (CCC). The mean square prediction error (MSPE) measures the fit between model predictions and observed data (Bibby and Toutenburg, 1977) , and is calculated as follows:
( 1) where n = the total number of observations, Oi = the observed value (i = 1, 2, …, n), and Pi = the model-predicted value (i = 1, 2, …, n). Because of underestimation or overestimation inherent with the square in MSPE, the overall error of prediction is better estimated using the square root of MSPE (i.e., RMSPE) as a percentage of the mean observed values. The MSPE can be divided into 3 parts of error including error due to overall mean bias (ECT), error due to deviation of the regression slope from unity (ER, systematic bias), and error due to the disturbance or random variation (ED) (Bibby and Toutenburg 1977; Tedeschi, 2006) . These 3 fractions of errors are calculated as follows: To evaluate the accuracy of the prediction models, CCC was also determined (Lawrence & Lin, 1989) , calculated as follows:
where r is the Pearson correlation coefficient that measures precision, and Cb is a bias correction factor that measures accuracy, calculated as follows:
where Models were ranked from best to worst performance based on RMSPE within each form of N output (e.g., UN, FN, TN).
Smaller RMSPE values and greater CCC values were considered to represent a better-fit model with a CCC value of 1.0 indicating perfect concordance. An RMSPE value below 25% was deemed acceptable and an RMSPE below 10% of the mean was considered good. For error decomposition, mean or systemic bias larger than 5% of the total error was considered unacceptable (Johnson et al., 2016) .
RESULTS AND DISCUSSION
DATA SUMMARY USED FOR EVALUATION
The descriptive statistics of the data set with mean, SD, and range for variables related to dietary and animal characteristics, as well as N input and output flows are presented in Table 2 . There was a large range in dietary CP content, ranging from 9.7 to 20.6% (mean of 15.4%) of DM. The greatest CP content was for a diet containing corn silage, alfalfa hay, and various protein supplements (cotton seed, soybean meal, cottonseed meal, rapeseed meal, and corn dried distillers' grains with solubles [DDGS]), whereas the lowest CP content was for a forage-based diet comprised of corn silage, alfalfa hay, Chinese wildrye and concentrates (corn, soybean meal, and wheat bran) ( * DMI = dry matter intake, OMI = organic matter intake, CP = crude protein, NDF = neutral detergent fibre, RDP = rumen degradable protein, BW = body weight, NI = N intake, MN = milk nitrogen, UN = urinary nitrogen, FN = fecal nitrogen, TN = total manure nitrogen, UUN = urinary urea nitrogen, DIM = days in milk, MUN = milk urea N.
PREDICTION OF UN EXCRETION
The overall performance rank of the UN models based on RMSPE is presented in Table 3 . The analysis showed that models of Nennich et al. (2006, Eq. [6] ), Kauffman and St-Pierre (2001, Eq. [4] ), and Reed et al. 2015 (Eq. [14] , Table 1 ) had lowest RMSPE values (22.2%, 23.6% and 26.0%, respectively), with the greatest proportion of error from random sources (78%, 79% and 97%, respectively), compared with the other models. Although these models were the best-fit when evaluated based on RMSPE, the R 2 values were low (R 2 ≤ 0.50). Fig. 1 shows for these three models the linear relationships between the predicted vs. observed values. *Rank = Rank of the model according to RMSPE; †n = number of treatments used to evaluate the models; ‡Values are expressed as mean ± SD, units for observed and predicted UN, FN, TN, UUN were g/d and units for UN/TN were g/kg; §MSPE = mean square prediction error, ECT = error due to bias, as a percent of total MSPE, ER = error due to regression, as a percent of total MSPE, ED = error due to disturbance, as a percent of total MSPE; ¶RMSPE = root mean square prediction error, as a percent of average observed value (%); ǁR 2 , determination coefficient of regression between the observed and predicted values; **CCC = concordance correlation coefficient, where CCC = r × Cb (rank based on solely CCC is given in the parentheses). Cb = bias correction factor, r = Pearson correlation coefficient, ν = scale shift, µ = location shift. In contrast, the model by Kauffman and St-Pierre (2001, Eq. [3] ) had the greatest RMSPE value (43.4%) with notable overall bias (ECT) rather than random sources (ED) and a general over-prediction of UN ( indicates over-prediction on average. The µ-statistic is depicted in the residual plot (Fig. 2) , where the most negative µ-value, (Fig. 2) showed no significant slope bias for the 6 best-performing models (P > 0.05).
Among the three best-performing models for UN prediction, the RMSPE value was acceptable for the Nennich Reed et al. (2015) were restricted to contain techniques that prevent UN and FN loss during collection and quantitation, which improved accuracy of UN prediction. The strong relationship between NI and UN as indicated by the Reed et al. (2015, Eq. [14] ) model agreed with the current study (r = 0.71, UN (g/d) = 0.347 (0.04 SE) × NI + 1.91 (0.15 SE), n = 96, P < 0.01). The transferring efficiency of dietary N to urinary N (△UN/△NI = 0.333) used in Reed et al. (2015, Eq. [14] ) is also in agreement with the observed value of 0.347 in the present study, which explains why the model of Reed et al. (2015) with NI as an input variable performed better than the others. Studies have shown that increasing concentrate CP level increases N intake and subsequent N output in urine. Thus, reducing CP content in concentrates, as well as CP content of TMR (i.e., NI) would be conductive to reducing UN excretion from lactating dairy cattle (Broderick et al., 2008; Hynes et al., 2016) . 
PREDICTION OF FN EXCRETION
The analysis showed that models by Wilkerson et al. (1997, Eq. [15] ), Marini et al. (2008, Eq. [18] ), and Kebreab et al. (2010, Eq. [19] , Table 1 ) had lowest RMSPE values (13.9%, 13.9% and 15.8%, respectively) for FN prediction, with the highest percentage of error coming from random sources (75%, 67% and 87%, respectively), compared with the other FN models (Table 3 ). Fig. 3 Table 3 ). The CCC analysis also identified the model by Kebreab et al. (2010, Eq. [19] ), Marini et al. (2008, Eq. [18] ), and Wilkerson et al. (1997, Eq. [15] ) as being more suitable than other models, with CCC values of 0.75, 0.72 and 0.66, respectively. The Reed et al. (2015, Eq. [21] ) and Higgs et al. (2012, Eq. [20] ) models were least suitable (RMSPE = 34.5% and 31.5%), with a CCC value of 0.38.
The negative µ-value for the models of Marini et al. (2008, Eq. [18] ) and Kebreab et al. (2010, Eq. [19] ) indicates a general over-prediction of FN, while the positive value for the model by Wilkerson et al. (1997, Eq. [15] ) indicating under-prediction on average. As with UN prediction, the µ-statistic for FN prediction is depicted in residual plots (Fig. 4) , where the lowest µ-statistic, indicating the most pronounced over-prediction, was associated with the models of Higgs et al. (2012, Eq. [20] ) and Reed et al. (2015, Eq. [21] ). The slope of the residual plot was significantly different from zero for all the 6 best-performing models (P < 0.05) except for the Castillo et al. (2000, Eq. [16] ) model (P = 0.85) (Fig. 4) .
For FN prediction, based on the criteria of values below 25% for RMSPE, CCC close to 1, and a mean bias lower than 5%, Kebreab et al. (2010, Eq. [19] (2010, Eq. [19] ) model is recommended because it had a Cb value of 1 and mean bias (ECT) was greater for Eq.
[18] than Eq.
[19]. As expected, N excretion models based on dairy cow data in China performed better for FN than UN predictions, which was consistent with the conclusion reached by Reed et al. (2015) using USA data. 
PREDICTION OF TN EXCRETION
The Reed et al. (2015, Eq. [31] , Table 1 ) model provided the best prediction of TN excretion (RMSPE = 15.8% with 72%
of the error from random sources, Table 3 ). The RMSPE and CCC values for the Reed et al. (2015, Eq. [31] ) model indicate it would be appropriate for TN prediction. The models by Yan et al. (2006, Eq. [28] ) and Huhtanen et al. (2008, Eq. [29] ) also performed well (RMSPE of 17.6% and 17.7%, respectively), although their greatest proportion of error was from mean bias (50%) and random sources (60%), respectively. Fig. 5 shows strong linear relationships between predicted vs. observed values for the 6 top-performing models with high R 2 (0.72 ≤ R 2 ≤ 0.77, Table 3 ). The model by Nennich et al. (2005, Eq. [23])
had the highest RMSPE value (38.3%) with notable overall bias (ECT) rather than random sources (ED) and a general over-prediction of TN excretion. Consistantly, CCC analysis selected the Reed et al. (2015, Eq. [31] ) as the best predictor of TN with a CCC value of 0.81, and the Nennich et al. (2005, Eq. [23]) model as the least-fitting model (CCC = 0.08).
The negative µ-values for models [31] , [28] , and [29] indicate over-prediction. The µ-statistic is illustrated in the residual plots (Fig. 6) , where the lowest µ-statistic, indicating the most severe over-prediction, was associated with the Nennich et al.
(2005, Eq.
[23]) model, whereas the highest µ-statistic, indicating the most severe under-prediction, was associated with the Wilkerson et al. (1997, Eq. [22] ) model. The slope was significantly different from zero for the Yan et al. (2006, Eq. [28] ) and Huhtanen et al. (2008, Eq. [29] ) models (P < 0.01), but not so for the Reed et al. (2015, Eq. [31]) model (P = 0.12, Fig. 6 ). overall bias (ECT = 90% and 93%, respectively), with the remaining error due to random sources (ED = 10% and 7%, respectively). A high µ-value, indicating distinct under-prediction, was obtained for both models of Huhtanen et al. (2008) .
PREDICTION OF UUN AND UN/TN EXCRETION
Hence, using the Spek et al. (2013, Eq. [33] ) and Huhtanen et al. (2008, Eq. [35] ) models to predict UUN and UN/TN, respectively would result in high prediction errors, and therefore these models are not recommended for use in China.
COMPARISON OF MODEL EVALUATION FOR THE FIVE FORMS OF N EXCRETION
The UUN and UN/TN models evaluated showed the poorest fitting performance (the overall mean RMSPE = 40% and 57%; CCC = 0.19 and 0.01, respectively) among five forms of N excretion models. This outcome can be attributed to several factors including: 1) UUN is volatilized directly from cattle manure as NH3, which may lead to underestimation of UUN measurement (Bristow et al., 1992) ; 2) UUN originates from microbial N compounds that are affected by diet composition; and 3) UUN is the main form of N in urine, representing 77% of the total N output by dairy cow.
Among the three predominant types (UN, FN, and TN) of N output models for dairy cows, the UN prediction models were least accurate when applied to the data from dairy cows in China (overall mean RMSPE = 30.3% and CCC = 0.49), whereas TN consistently resulted in the best prediction (overall mean RMSPE = 21.1% and CCC = 0.64). The performance of FN prediction was intermediate (overall mean RMSPE = 21.3% and CCC = 0.59) compared with UN and TN predictions. In agreement with Johnson et al. (2016) who indicated that equations developed by Reed et al. (2015) for lactating cows resulted in greater prediction accuracy and less error compared with other exsiting models evaluated.
Consistent with the report by Reed et al. (2015) , the result of performance evaluation in this study showed NI was a better input variable than DMI for models of both UN and TN. There were four models (Yan et al., 2006; Kebreab et al., 2010; Reed et al., 2015) 713, 0.722, 0.67, and 0.654, respectively. For Reed et al. (2015) model ( Milk yield can also be used to predict TN (Nennich et al., 2005 ), but the model was ranked lowest when evaluated with dairy cow data in China due to large RMSPE error. The additional predictor variable of LW and milk yield (Yan et al., 2006) or DMI (Huhtanen et al., 2008) to NI only marginally improved performance of TN models compared with Yan et al. (2006) and Kebreab et al. (2010) models based on NI. The Nennich et al. (2005, Eq. [24] ) and Yan et al. (2006, Eq. [27] ) models including dietary CP concentration together with BW plus DMI or milk yield resulted in an average error of 21% associated with RMSPE. The Wilkerson et al. (1997) (Eq. [22] ) model using detailed information related to diet and animal explanatory variables (i.e., BW, DIM, milk production, dietary protein, and NDF) resulted in a poorer prediction of TN than that of FN (RMSPE = 24.2 vs. 13.9% and CCC = 0.37 vs. 0.66). Overall, NI was considered to be the most accurate input variable for UN, FN, or TN. Identifying the most suitable prediction model of N excretion for dairy operations in China can help to mitigate N pollution from animal waste. While the study identified the best fitting equations for lactating dairy cows, it was not possible to evaluate the predictive ability of N excretion models for heifers, nonlactating cows and dairy calves because of the limited amount of N excretion data available in China.
CONCLUSION
The overall predictive ability of models was evaluated among five forms of N excretion (UUN and UN/TN < UN < FN < 
